Abstract. Oxidative stress due to intratumoral hypoxia in solid cancer has been shown to be associated with increased mortality. Phosphoglycerate kinase 1 (PGK1) is an enzyme of the glycolytic pathway, which is regulated by hypoxia-inducible factor-1α (HIF-1α) and has been described for its role in tumor progression and metastasis in several malignancies. We investigated whether the expression of PGK1 varies between metastatic and non-metastatic colon cancer. We compared PGK1 expression in colon cancer patients either with or without metastasis via polymerase chain reaction (PCR) and immunohistochemistry. Microarray analysis was performed to test altered gene expression after PGK1 silencing, using isolates from HCT116 cell lines. PCR results showed an increased expression of PGK1 in colon cancer tissue from metastatic patients in comparison to patients with no metastasis (fold change 2.6, p<0.001). Immunohistochemical staining of PGK1 showed stronger staining in metastatic tissue in comparison to non-metastatic cancer tissue according to a semi-quantitative evaluation. Microarray and subsequent pathway analysis provided 4 genes of interest (CYR61, FOS, JUN and EGR1) used for pathway proposal. The results indicate that increased expression of PGK1 in colon cancer tissue is associated with metastasis. Furthermore, we propose several genes induced by PGK1 that could account for cell migration, mainly EGR1 and CYR61 together with the transcription factors FOS and JUN.
Introduction
Colorectal cancer (CRC) presents a problematic issue in the developed world as it is the major cause of cancer-related death. Over 1.2 million new cases were diagnosed in 2008 and 600,000 deaths were reported (1) . There has been considerable interest in understanding carcinogenesis of CRC throughout the last decades. Hereditary and sporadic forms of colon cancer have been reported (2) . Germline mutations in the APC gene and the DNA mismatch repair complex are described as the genetic explanations for inherited familial adenomatous polyposis syndrome and hereditary non-polyposis colon cancer (HNPCC) respectively (3) (4) (5) (6) . Sporadic cancers of the colon are associated with K-ras, TGF-β receptor, p53 and somatic APC mutations (3, (6) (7) (8) .
Oxidative stress has been implicated in a number of colon pathologies including inflammatory bowel disease, diverticulitis and cancer (9) (10) (11) . Tumor progression is greatly regulated by hypoxia, the bulky nature of a tumor distances the cells from oxygen-rich blood vessels, which implicates cellular response (12) . Intratumoral hypoxia has been associated with increased risk of mortality (13) . Oxidative stress allows for the activation of several gene products that would promote metabolic adaptation to hypoxia, such as those responsible for angiogenesis and glycolytic enzymes (14) (15) (16) . Hypoxia inducible factors (HIFs) function physiologically in adaptation to hypoxic conditions, they present the most notable group assciated with hypoxiainduced reactions (17) .
The phosphoglycerate kinase 1 (PGK1) is an ATPgenerating enzyme of the glycolytic pathway catalyzing the conversion of 1,3-diphosphoglycerate to 3-phosphoglycerate and regulated by hypoxia-induced factor-1α (HIF-1α), which is the most important factor involved in the cellular response to hypoxia (18, 19) . Solid tumor cells employ glycolytic enzymes such as PGK1, to generate ATP when their supply of oxygen is limited (20) . Several malignancies including prostate cancer, breast cancer, pancreatic ductal adenocarcinoma, multidrugresistant ovarian cancer and as we have demonstrated, metastatic gastric cancer, have all been shown to exhibit an increased expression of PGK1 (21) (22) (23) (24) (25) . An increased interest in PGK1 has arisen due to its possible role in invasion and metastasis; several possible pathways have been described, (27) . Furthermore, β-catenin, a molecule involved in cell proliferation, invasion, metastasis, angiogenesis and drug resistance, seems to be a downstream target of PGK1 (18, 28, 29) . The expression of PGK1 has not yet been investigated in metastatic colon cancer. In this study, we examined whether the PGK1 expression varies between metastatic and non-metastatic colon cancer to find potential pathways accounting for such observations. ). All patients signed an informed written consent to participate in the study. RNA extraction was performed using the RNAeasy ® Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The quality and quantity of the mRNA yield was monitored using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
Patients and methods

Patients
Specimens used for immunhistochemical staining were retrieved from a tissue bank of the comprehensive cancer center of the University of Tübingen, Germany. Twenty-seven paraffin-embedded tissue blocks of adenocarcinoma samples were randomly chosen with the help of a corresponding database, 17 from non-metastatic colon cancer patients (pT2-category, 3; pT3-category, 14; localization: 9 ascending colon, 2 transverse colon, 6 descending colon) and 10 from metastatic colon cancer patients (pT2-category, 2; pT3-category, 8; pN1-category, 7; pN2-category, 3; M1-category, 2; tumor localization: 5 ascending colon, 2 transverse colon, 2 descending colon, 1 recto-sigmoid region).
Real-time LightCycler
® RT-PCR. cDNA was prepared using the first-strand cDNA synthesis kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. Real-time PCR was then performed with the SYBR Green Jump Start TAQ ReadyMix (Sigma, Taufkirchen, Germany) and LightCycler (Roche Applied Science) as described previously (26) . The number of specific transcripts was normalized to β-actin as a housekeeping gene. For analysis of relative expression, the 2 -∆∆T method was utilized according to Livak and Schmittinger (31) . The Mann-Whitney U test was used for comparison of expression data, p<0.05 was considered statistically significant. Sequences of the primers used in this study are listed in Table I .
Immunohistochemistry. For immunhistochemistry of colon cancer samples, serial paraffin sections (2 µm) of the selected tumor blocks were cut and deparaffinized. After protease antigen retrieval (6 min), PGK1 staining with PGK1/2 primary antibody (dilution 1:200; clone: sc-48342; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) was carried out on an automated immunostainer (Benchmark, Ventana Medical Systems, USA) with an incubation time of 32 min. Counterstaining was performed using a biotin-free ultraView Universal DAB Detection kit (Ventana Medical Systems). Semi-quantative analysis was performed by 2 pathologists based on the intensity of tumor cell staining.
Cell culture. The HCT116 (ATCC Manassas, VA, USA) cell line was utilized for PGK1 knockdown and microarray investigations as described below. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Lonza, Basel, Switzerland) + 10% fetal calf serum (FCS) (PAA, Pasching, Austria) and maintained in a humid chamber at a 37˚C and 5% CO 2 atmospheric condition.
Small hairpin RNA knockdown of PGK1. HCT cells were incubated with an adenovirus (Sirion Biotech, Martinsried, Germany) containing shPGK1 for 48 h. RNA was then isolated using the RNAeasy Mini kit (Qiagen) and quantified with the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies).
Microarray analysis.
To generate gene expression profiles, both steady state and actively translated RNA was isolated from wild-type HCT116 and PGK1-silenced HCT116 cell lines. Three aliquots containing 10 µg RNA each were harvested from both cell lines and quantified using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The GeneChip 3' IVT Express kit was used to synthesize biotinylated amplified RNA (aRNA) that was hybridized to the Affymetrix GeneChip ® human genome U133 Plus 2.0 array (Affymetrix Inc., Santa Clara, CA, USA). In brief, first strand cDNA was synthesized via reverse transcription, then converted into a double stranded template for transcription. In vitro transcription allowed for synthesis of aRNA incorporating a biotin-conjugated nucleotide. aRNA was then fragmented and hybridized onto the Chip Arrays according to the manufacturer's instructions. Chips were washed and stained using a Fluidics Station and scanned with a GeneArray Scanner 3000, both provided by the GeneChip ® System 3000Dx v.2 by Affymetrix. Scanned images were inspected visually to check for hybridization artifacts and proper grid alignment. Images were quantifed to produce transcript level data using the Affymetrix Microarray Analysis Suite (MAS) 5.0, which were then loaded to GeneSpring Software 7.2 (Agilent, Palo Alto, CA, USA) and normalized across arrays. Principal component analysis was performed to test dissociation between the groups. Fold change was derived as the ratio of average differences from the three experimental arrays as compared to the three control arrays. Multiple testing correction was performed and a 2-fold cutoff was set. Expression profiles were compared using one-way analyses of variance (ANOVA), p<0.05 was considered statistically significant. Web-based Ingenuity Pathway software (Ingenuity ® Systems, www.ingenuity.com) was employed to examine the function and pathway of the different genes.
Results
mRNA expression levels of PGK1 by means of QRT-PCR.
Quantative real-time PCR (qRT-PCR) was used to assess mRNA expression of PGK1 in colon cancer tissue extracts, either from patients without metastasis (n=13) or with histologically confirmed metastasis (n=14) as mentioned above. PGK1 expression levels were significantly higher in metastatic samples by 2.6-fold (p<0.001), when compared to non-metastatic colon cancer samples (Fig. 1) .
Semi-quantative analysis by means of immunohistochemistry.
PGK1 stained sections of 27 colon tumor specimens, either without metastasis (n=17), or with metastasis (n=10) were evaluated by two pathologists. Semi-quantative analysis was performed by assessing the stained tumor area (>50%, strong; <50%, moderate; <10%, weak). Sections of the metastasis group (9/10) showed strong to moderate staining (6 strong, 3 moderate), 1 section was negative. Whereas 13/17 of the non-metastatic sections showed weak to moderate staining (1 negative, 6 weak, 6 moderate) and only 4/17 strong. Fig. 2 shows representative histological images. Microarray analysis and validation. Successful PGK1 knockdown was achieved in HCT116 cells (Fig. 3) , from which 3 RNA extracts from 3 individual experiments were utilized for microarray analysis. Comparison was made to corresponding native HCT116 RNA extracts of the same passage. Fig. 4 shows a 3D visualization of the relationships between the samples using PCA, which is based on the expression levels of the probe sets: PGK1 knockdown and native groups clustered in separate areas of the 3-dimentional visualization, indicating a clear difference in the molecular composition between them. PCA captured 72.3% of the variation observed in the experiment in the first three principal components, which are plotted 
Discussion
The data presented in this study indicate that colon cancer cells that tend to metastasize possess an increased expression of PGK1. This has been shown both by PCR on RNA level and immunhistochemical staining. Previous studies described an increased expression of PGK1 in prostate cancer, breast cancer, pancreatic ductal adenocarcinoma, multidrug-resistant ovarian cancer and as we have previously demonstrated, metastatic gastric cancer (21) (22) (23) (24) (25) . PGK1 is known to be a downstream target of HIF-1α which is the major factor regulating cellular response to hypoxia (19) . The bulky nature of tumor masses and thus the impaired conditions for oxygen diffusion is believed to trigger the induction of PGK1, this allows for ATP production and supplementation of cells under hypoxic conditions (24) . Furthermore, PGK1 has been shown to be associated with the induction of several pathways, one of which has been described by Wang and his group demonstrating the relationship between PGK1 and the CXCR4/CXCL12 axis in prostate cancer cell lines (18) . These findings were reproduced by our group in metastatic gastric cancer (26) as described earlier, but not colon cancer. Knockdown of PGK1 in HCT116 cancer cells was not seen to cause alteration in CXCR4 or CXCL12 expression according to our microarray results.
Several genes, however, appeared to be linked to PGK1 based on the current data. FOS and JUN form a heterodimeric complex which regulates gene transcription by binding to transcriptional control elements containing activator proteinl (AP-1) binding sites (32) . This interaction is known to be induced by CYR61 resulting in invasive growth, migration and angiogenesis ( Fig. 6) (33,34) .
EGR1, a member of the early growth family has also shown an association with PGK1. Interestingly, it has been indicated that EGR1 plays a role in angiogenesis, growth and metastasis (35) . These findings were reproduced by Zheng and his group demonstrating that the majority of gastric cancer tissues expressed EGR1 and that the increased expression was associated with metastasis and growth (36) .
In conclusion, the data of this study indicate that an increased expression of PGK1 in colon cancer tissue is associated with metastasis. Furthermore, we propose several genes induced by PGK1 that could account for cell migration, mainly EGR1 and CYR61 together with its downstream transcription factors FOS and JUN (33, 36) .
